A family of 13 fucosyltransferase genes has evolved to catalyze the addition of fucose in various linkage positions to nascent glycoproteins. Null mutations in mice are unearthing unsuspected functions for glycoprotein fucosylation that affect embryo implantation and growth of the conceptus. Furthermore, as we show here, histological studies demonstrate that a variety of fucosylated structures are found within the glycan-rich interface between trophectoderm and uterine epithelium. We suggest that conservation or change in fucosyltransferase gene expression over evolutionary time has played a role in determining the stability of the maternal-fetal interface and therefore in shaping reproductive compatibility and, in turn, speciation.
Introduction
Protective carbohydrate-rich hydrated gels are a common theme in biology (Derrien et al. 2010) , with mucins being the dominant components of an epithelial apical extracellular matrix in respiratory tissues, the gut and other sites (Hasnain et al. 2011; McGuckin et al. 2011) . Reproductive tissues use protective glycoproteins in both the lower tract, where pathogenic organisms are more abundant, and the uterus and oviduct, where microorganisms are fewer but the consequences of infection for reproductive function may be serious (Lagow et al. 1999) . At the endometrial surface, adaptations are required to accommodate the implanting embryo (Aplin 1999 (Aplin , 2006 , and these are highly species-specific, in concert with variations in depth of implantation. In human, mouse and rat, where implantation is interstitial and invasive, the epithelial barrier is transiently breached, then repaired, whereas in pig, sheep and camel, where there is interdigitation of placental and maternal cells without invasion, a stable, long-lived interface develops and the apical glycoprotein layer is modified to become pro-adhesive (Spencer et al. 2007) .
Glycoconjugate biosynthesis accounts for 1-2% of all genes in eukaryotes (Ohtsubo and Marth 2006) . Two types of the transferase family have been distinguished: those that are conserved with few paralogs (such as the enzymes that catalyze steps in the production of the 14-sugar dolichol-linked precursor shared by all N-glycans) and diverged families with many paralogs. The latter group contain enzymes responsible for later, trans-Golgi-associated chain termination steps in glycoprotein biosynthesis, such as fucosyl and sialyl transferases. Here, we focus on fucosyltransferases, of which the human genome contains 13 (Table I ; Oriol et al. 1999; Becker and Lowe 2003) . Terminal fucose can be linked to a penultimate sugar in the oligosaccharide chain in α1-2, α1-3, α1-4 or α1-6 orientations. Sequence comparisons and functional analysis suggest that the fucosyl transferases represent an evolutionarily distinct branch of glycosyl transferases (Kikuchi and Narimatsu 2006) that can be grouped in relation to the linkage the formation of which they catalyze. The two protein O-fucosyl transferase (POFUT) enzymes (FUT12 and FUT13) catalyze the addition of a single fucose residue to serine or threonine in polypeptides; this type of linkage is not further discussed here. There is only one enzyme, FUT8, that adds 6-linked fucose; this modification is found in the core N-acetyl glucosamine residues of glycoprotein N-glycans and is evolutionarily ancient, appearing in primitive multicellular organisms and, as expected, FUT8 orthologs are present in all vertebrate genomes. More diversity has arisen in eutherians in the enzyme subfamilies that direct the addition of fucose α1-2, and the more recently arising enzymes that direct the formation of fucose α1-3 and -4 (Table I; Javaud et al. 2003) .
Recent work in our laboratory and by others has identified fucose as an ontologically and functionally interesting component of oligosaccharides present at the embryonic-maternal interface; here, we review this progress and consider the functional implications within the maternofetal glycocode.
Types of placentation
The placenta has evolved several different gross, anatomical and histological structures. Four basic histological groupings are evident (Grosser 1927; Wooding and Burton 2008) according to how many layers of maternal tissue have been removed by the chorion during development (Figure 1 and Table II) .
(i) Epitheliochorial: the uterine epithelium is in direct contact with trophoblast by means of richly glycosylated microvilli on apposing surfaces which interdigitate closely with each other (e.g. pig, camel, alpaca and horse; Figure 2 ). (ii) Synepitheliochorial: in the ruminants, binucleate cells from the trophoblast migrate into and fuse with the underlying maternal epithelium, discharging their granular contents and forming trinucleate cells (e.g. cow, deer) or a syncytium (e.g. sheep, goat). (iii) Endotheliochorial: the maternal epithelium is removed by invading trophoblast, up to the level of the basal lamina of endothelial cells lining the maternal uterine vessels (e.g. mink, dog, cat and elephant). (iv) Hemochorial: all maternal layers have been removed so that the trophoblast is in direct contact with maternal blood, in which it is bathed (e.g. rat, mouse, hyena and human).
For the purposes of this review, we mostly focus on epitheliochorial and hemochorial placentation. In the former, close interdigitation of the fetal and maternal microvilli occurs (Figure 2 ). Transmission electron microscopy using osmium to bind cis-hydroxyl moieties (Dantzer 1985) , as well as lectin histochemistry, show clearly that the two epithelial surfaces retain a high degree of glycosylation, suggesting that glycan-glycan or glycan-lectin interactions could be involved in the stabilization of the intercellular interface. Early studies in our laboratory have shown that this glycosylation is precisely regulated and suggest the existence of "cross-talk" between the fetal and maternal surfaces.
Lectin-based analysis of fucose at tissue interfaces While glycomics aims eventually to make available libraries of characteristic structures for body tissues, high-resolution localization of oligosaccharide at a surface or interface is important in predicting functional roles in cell recognition. Lectin histochemistry and immunohistochemistry have been widely used for detecting and characterizing glycans in specific tissue locations (Jones and Stoddart 1986; Jones et al. 1997) .
Lectins that recognize fucosyl residues are shown in Table III and the binding of four of these [Tetragonolubus pupureus agglutinin (LTA), Ulex europaeus agglutinin I (UEA-1), Anguilla anguilla agglutinin (AAA) and Aleuria aurantia agglutinin (ALA)] to the epitheliochorial placenta of Camelus dromedarius, the dromedary, is illustrated in Figure 3 . Despite their similar nominal specificity (as defined using monosaccharide or short oligosaccharide inhibitors at high concentration), LTA and UEA-1 frequently show distinct binding characteristics in tissue sections. LTA has a preference for clustered terminals and Le x (Yan et al. 1997) , whereas UEA-1 binds H type 2 antigen (Fucα1,2Galβ1,4GlcNAcβ1-) and Le y and exhibits a strong preference for Fucα1,2, as on Le b but not Le a (Hindsgaul et al. 1985; Baldus et al. 1996) . Neither one binds core α1-6-linked fucose in N-linked glycans (Debray et al. 1981) . AAA binds to fucosylated type 1 chains, reacting with H and Le oligosaccharides with terminal Fucα1,2 and Fucα1,4 linkages equally well (Baldus et al. 1996) . In our hands, however, AAA gives false-negative results in many cases. ALA binds primarily to fucose in α1-6 linkage to N-acetylglucosamine or to fucose linked α1,3 to N-acetyllactosamine-related structures (Debray and Montreuil 1989) and generally reacts extensively with animal tissues. Dolichos biflorus agglutinin (DBA) also binds to fucosylated sequences in the blood group A family (GalNAcα1,3 (Fucα1,2)Galβ1,3/4GlcNAcβ1-) but data obtained with this lectin must be interpreted with caution as there is evidence that is also binds to the trisialylated structure known as Sd a which lacks fucose (Klisch et al. 2008) . DBA binding has been shown in some mammalian uteri to be under the control of progesterone (Jones et al. 1998 ) with a dramatic increase in the implantation and post-implantation phases of the cycle in human. Thus, despite their ability to reveal fucosylated structures, in general, lectins cannot unambiguously distinguish the Fig. 1 . Types of mammalian placentation. Tr, trophoblast; ME, maternal uterine epithelium; FC, fetal capillaries; MC, maternal capillaries; IMM, interdigitating microvillous membrane formed by interdigitating microvilli of the trophoblast and the maternal epithelial cells. In the epithelio-and synepithiochorial placentas, the uterine epithelium is intact and interdigitates with the trophoblast. The trophoblast has eroded the uterine epithelium down to the level of the maternal endothelial cells in the endotheliochorial type, whereas in the hemochorial placenta, the trophoblast is in direct contact with maternal blood with no intervening tissues. 
Fucose, placental evolution and the glycocode type and position of glycosidic linkage present (Yan et al. 1997 ).
Fucose in the placenta
Fucose in α1,6 linkage is ubiquitous in the placenta of many species including human, skink, armadillo and camel (Figures 3d and 4d ; Jones et al. 2003 Jones et al. , 2004 Jones et al. , 2007 , consistent with the evolutionary conservation of FUT8. However, there are exceptions: in the new world peccary or Tayassu species, the wild pig, expression in the apical trophoblast is either absent (T. tajacu, Figure 4a ) or very weak (T. pecari, Figure 4b ), whereas in the pig (Sus scrofa, Figure 4c ), it is considerably weaker than in the camel ( Figure 4d ; Jones et al. 2004 ). In the hyena, too, α1,6-linked fucose is only sparsely distributed (Jones et al. 2007 ). The expression of α1,2-linked fucose is more restricted; most species we have examined do not show staining of the trophoblast with LTA, UEA-1 or AAA, apart from some ungulates; within the order Cetartiodactyla, the camel, alpaca, llama ( Figure 5a ) and guanaco show staining with LTA at term (Jones et al. 2008) , with the pig showing transient expression in early pregnancy (Jones et al. 1995) . Llama trophoblast shows some UEA-1 binding, while the camel, alpaca and guanaco have only sparse granules (Figure 5b ), and the pig has none at all. AAA tends to show similar, though often weaker, binding than LTA. In the viviparous skink Chalcides chalcides, however, both LTA and UEA-1 localized to the chorioallantoic membrane ( placental equivalent) surface, with strong cell and lateral cell wall staining with LTA later in pregnancy ( Figure 5c ; Jones et al. 2003) . Figure 3 shows the camel placenta stained with four fucose-binding lectins that have variable degrees of reactivity. In specimens of the epitheliochorial placenta in which the maternal epithelium was available in apposition to trophoblast, the reverse was seen, with more binding of UEA-1 than LTA in the uterine epithelium of the horse (Figure 5d ), (Figure 3a and b) and alpaca ( Figure 5b ; Jones et al. 2000 Jones et al. , 2002 Jones et al. , 2008 and the appearance of binding sites in the latter half of pregnancy in the pig (Jones et al. 1995) . DBA binding is highly restricted in the placentas that we have examined to date, being limited to a few granules in the horse ( Figure 6a ) and sparse granule numbers in placentas of Camelidae, but intensely strong expression in the binucleate cells of the sheep and cow and other ruminants (Figure 6b ; Jones et al. 1994; Klisch et al. 2010 ). These cells migrate across the interdigitating microvillous membrane separating the fetal and maternal tissues to fuse with the maternal epithelium, so in the sheep, especially, secondary staining can be evident in the maternal epithelial compartment too. Within hemochorial species, the tenrec (Echinus telfairi) showed strong staining of the cytotrophoblast with this lectin (Figure 6c ), the only species to do so ( Figure 6d ; Jones et al. 2007) .
In early studies, we observed that each species examined [near-term horse, pig, cow, sheep and mink and term human placenta (Jones et al. 1997 )] has its own characteristic "glycotype"; interbreeding species like the horse and donkey have almost identical patterns of placental glycosylation, whereas the camel, which does not interbreed with either, is completely different (Jones et al. 2000) . This led us to investigate instances where related species had undergone evolutionary divergence. Beginning 11 million years ago, the camel and alpaca diverged, with one species becoming adapted to desert conditions and the other to the high plains. We found some differences in the structure of the chorionic villi, those of the camel being blunter and less branched than those of the alpaca, and also changes in glycosylation (Jones et al. 2002) . Near term, the alpaca expresses more DBA-and LTA-binding granules in the trophoblast than the camel. In the maternal epithelium in early pregnancy, the alpaca produces DBA-binding granules, while the camel generates more UEA-1 and LTA-binding chain termini. Apparently the adaptations required to develop fitness for living in different ecosystems included changes in fucosyl transferase activity. Based on the examination of available genomes, this is more likely to be explained by changes in control of expression in the relevant transferase families than on the appearance of novel transferase enzymes. The requirement to acquire resistance to reproductive tract pathogens that bind to surface glycans (Varki et al. 2009 ), as well as genetic drift, will have contributed to the alterations of maternofetal glycosylation between species but, at the same time, may have contributed to reproductive isolation and hence speciation. This is not always the case; comparisons between the pig (old world) and peccary (new world), which diverged between 33 and 37 million years ago, show a remarkable degree of conservation in glycosylation at the maternofetal interface (Jones et al. 2004) . In contrast to the camel trophoblast, there was no significant detectable α1,2-linked fucose in two species of peccary and the pig, though some α1,6-linked fucose was detected in one peccary species (T. pecari) and pig (Figure 4) .
To investigate whether the glycosylation status of the apposing fetal and maternal surfaces may be a factor in implantation and maintenance of pregnancy, we compared the With this lectin, the maternal collagenous stroma also binds while the finer, more delicate fetal stroma is less evident though some stromal cells are stained.
Fucose, placental evolution and the glycocode placenta of a camel-llama hybrid, the cama (Jones et al. 2008) , with the parental and other closely related species. Great difficulty had been experienced in producing a viable hybrid-most ova were not fertilized and others aborted. Glycosylation of the cama resembled that of the maternal (llama) much more than the paternal species (camel); the phylogenetically more distant alpaca was somewhat different. Both cama and llama term trophoblast contained granules bound by UEA-1 and in some cases DBA, whereas in the camel, UEA-1 granules were extremely sparse and DBA binding absent. Similar glycosylation to the maternal species may have contributed to the favorable outcome, conserving stabilizing glycan-glycan interactions. Thus, the concept of a fetomaternal glycocode was developed (Jones and Aplin 2009a, b) -the idea that the fetal and maternal surfaces each has a specific pattern of glycosylation and that the correct glycotype has to be presented to and recognized by, a complementary, apposing surface for successful implantation.
Examination of the distribution of the various placental types among the different phylogentic groups of mammals shows that many orders contain animals with different types of placentation, and hemochorial placentas can be found in most of the superordinal clades (Table II; Murphy et al. 2001; Carter and Enders 2010) . This seems to have occurred as a result of the separation of continents leading to the evolution of convergent phenotypes in the descendant clades (Wildman et al. 2007) . We have conducted a study of five widely separated species of mammal all sharing hemochorial placentas: the lesser hedgehog tenrec, the spotted hyena, nine-banded armadillo, human and guinea pig-to determine whether there is any indication of convergent evolution with respect to their surface glycosylation (Jones et al. 2007 ) as hemochorial contact brings inherent immunological complications. The trophoblast apical/microvillous membranes of all five species showed marked similarities in glycosylation with respect to the presence of α2,3-linked sialic acid, N-linked glycans (high mannose, small complex, bisected and non-bisected bi-/triantennary complex sequences), N-acetyl glucosamine oligomers and subterminal β-galactosyl residues, but with a complete absence of α1,2-linked fucosyl residues detected by LTA, UEA-1 or AAA. ALA staining was strong in all species, demonstrating the ubiquitous presence of fucose in α1,6-linkage to core N-acetyl glucosamine in N-linked glycans. The intense staining with DBA in the tenrec, described earlier, correlates with the presence of cellular, rather than syncytial trophoblast, and with the retention of primitive features together with other characters shown by this animal (e.g. small forebrain, non-descending testicles) which evolved in the comparative isolation of Madagascar.
How might fucosylation influence reproductive success in hemochorial species?
In species with hemochorial placentation, the initial interaction between trophectoderm and uterine epithelium is pecari, the boundary between the cell layers is just detectable (IMM) and there is weak staining of the apical trophoblast (Tr) and some granule staining in the maternal epithelium (ME). Nuclei are unstained. Maternal blood vessels (bv) can be seen by virtue of the darkly staining plasma proteins. (c) In the pig placenta, this oblique section shows a faintly staining interdigitating microvillous membrane (IMM) and within it the trophoblast (Tr) shows weak binding of ALA, interspersed with several capillary profiles (bv). There are occasional darkly stained granules in the maternal epithelium (ME) adjoining a deeply stained maternal stroma with some blood vessels. (d) In the camel, both components of the placenta stain with ALA strongly; the nuclei also bind this lectin as well as some cells in the stroma. Scale bars: 25 µm. (Tr) with LTA, with some staining in the narrow maternal epithelium (ME). (b) With UEA-1, alpaca placenta trophoblast (Tr) has very sparse granules detectable in the lower villus while that in the two upper villi is unstained. There is stronger staining of the maternal epithelium (ME) and the interdigitating microvillous membrane (IMM) is only weakly detectable in parts. (c) In the skink, a viviparous reptile, there is strong binding of LTA by the cells of the chorioallantois (CA), the trophoblast equivalent, as well as their lateral cell walls; at this stage of pregnancy, there is little reactivity by the maternal uterine epithelial cells (UE) which stain diffusely. In this specimen, the two epithelia have become separated but the richly glycosylated apical microvillous membrane of the chorioallantois binds LTA strongly. (d) In the equine placenta, there is moderate binding of UEA-1 by the maternal epithelium (ME) with virtually no detectable staining in the trophoblast and the interdigitating microvillous membrane. Scale bar: 25 µm. Fucose, placental evolution and the glycocode transient. The presence of mucins including MUC1 and MUC4 at the maternal surface implies a barrier function toward the embryo, and this is substantiated by observations indicating that hatched blastocysts transferred to the uterine cavity in the mouse and rat fail to implant except during the receptive phase (reviewed in Aplin 2006) . Lack of success in in vitro fertilization/embryo transfer regimens where embryos were transferred earlier than 5 days after ovulation (Bergh and Navot 1992) indicates that the same is true in humans. This has raised the possibility that embryo selection (Quenby et al. 2002; Robertson 2010) could be mediated by epithelial surface saccharide arrays-a glycocode (Jones and Aplin 2009a, b) .
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While the critical characteristics of a receptive epithelium remain incompletely defined, it is interesting to note that specific fucosylated glycoconjugates vary in abundance in the receptive and non-receptive phases (Jones et al. 1998) and are altered in the infertile endometrium (Miller et al. 2010) , and fucosyltransferases figure among mRNA species that exhibit cycle-dependent regulation. Fucosylated structures are familiar in the context of selectin-mediated intercellular adhesion (McEver 2002) , and there is some evidence to support a role for an interaction at implantation between sialyl Lewis x on the endometrium with selectin on the trophectoderm (Genbacev et al. 2003; Aplin and Kimber 2004; Harris et al. 2009) . In an experimental model of mouse implantation, overexpression of fucosyltransferase VII (FUT7) promotes embryo adhesion and implantation (Zhang et al. 2009; Liu et al. 2011) , whereas the monoclonal antibody to the difucosylated structure Le y , introduced into the mouse uterine cavity, inhibits implantation (Zhu et al. 1995; Zhu and Wang 1998) . Epithelial fucosylation in the mouse can be modulated by macrophages, which influx to the endometrium after mating in response to signals from the seminal plasma (Jasper et al. 2011) ; cytokines released by the macrophages, including leukemia inhibitory factor (LIF), target the epithelium resulting in alterations in Fut mRNA levels. Correspondingly, LIF-null mice exhibit altered epithelial fucosylation and implantation failure (Fouladi-Nashta et al. 2005) . However, the idea that Fucα(1 → 2)Galβ chain termini are important for implantation has been brought into question since mice with targeted deletions of FUT1 and FUT2 exhibit normal fertility (Domino et al. 2001) . The authors suggest that such glycans may contribute to other functions in the reproductive tract, including protection from pathogens. Other work has shown that Fut4 and Fut7 KO mice, as well as doubly deficient animals, are fertile (Homeister et al. 2001) despite defective E-, P-and L-selectin ligand synthesis affecting leukocyte recruitment and lymphocyte homing, whereas Fut9 knockout mice, unable to synthesize SSEA-1, are also fertile (Kudo et al. 2004) . Inactivating the Golgi GDP-transporter gene in mice (Slc35c1), however, produces females which, when pregnant, aborted or had very small litters and failed to nurture their pups after birth, suggesting implantation defects (Hellbusch et al. 2007 ).
Mice lacking Fut8, and therefore depleted of core fucose on all glycoprotein N-glycans, are severely growth restricted at birth and develop emphysema . Fut8-null cells show altered responses to growth factors including transforming growth factor (TGF)-β and epidermal growth factor (EGF), defective release of secretory glycoproteins from the liver and defective cellular scavenging activity. Adhesion functions involving E-cadherin and integrin α3β1 are also defective, in ways that can be rescued by replacing the defective gene (Nakagawa et al. 2006; Wang, Gu, Ihara, et al. 2006 Zhao et al. 2006; Osumi et al. 2009 ). FUT2-catalyzed α1-2 fucosylation is important for the function of integrin α5β1 (Yan et al. 2010) . TGF, EGF and integrin pathways are all important in placental development, suggesting that impaired placental function might account for fetal growth restriction. Investigations of the role of glycosylation in trophoblast function in human are clearly required.
Future developments
With the development of glycomics databases such as EuroCarbDB (http://www.ebi.ac.uk/eurocarb/home.action) and the Functional Glycomics Gateway (http://www.functional glycomics.org/), new opportunities are arising for data acquisition and sharing in tissue systems. Currently, the endometrial glycome is ill-defined, and as we have sought to show, resolution at the subcellular level of components of the maternal-fetal interface is critically important for the understanding of function in a field in which animal systems vary widely and experimental models are few. Alongside implantation, fertilization is a key nodal point in the evolution of species, and there is evidence that L-fucose is frequently part of a recognition signal in sperm-egg attachment in mammals (Huang et al. 1982) ; L-fucose and fucoidin are strong inhibitors of sperm-egg binding and the acrosome reaction in many species including man (Mahony et al. 1991; Tulsiani and Abou-Haila 2003) . The ability in the future to decipher the expression of glycans and their biosynthesis will help to elucidate steps in both fertilization and implantation, adding evidence to our attempts to decipher the origins of species. This could also help optimize reproductive success in contexts as wide apart as ART in humans and the preservation of endangered species in the animal kingdom.
Materials and methods
Tissues were obtained as described in the following publications: ovine and bovine (Jones et al. 1994) , pig (Jones et al. 1995) , human and mink (Jones et al. 1997) , horse (Jones et al., 1997 (Jones et al., , 2000 , baboon (Jones et al. 1998) , donkey and camel (Jones et al. 2000 (Jones et al. , 2002 , skink (Jones et al. 2003) , peccary (Jones et al. 2004) , alpaca (Jones et al. 2002) , armadillo, hyena, guinea-pig and tenrec (Jones et al. 2007 ), cama and llama (Jones et al. 2008) . Staining was carried out using a panel of selected lectins and an avidin-biotin revealing system as previously described (Jones et al. 2000; . Controls included the substitution of TBS for the lectin and inhibition of staining when the lectin was combined with an appropriate hapten (Jones et al., 1997) .
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